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The adsorption of diuron from aqueous phase by activated carbon has been analyzed from a molecular
point of view thanks to a computational approach based on COSMO-RS methodology, with the aim of pro-
viding a mechanistic explanation of the experimental results. The adsorption experiments were carried
out at different pH values (3–7) and temperatures (15–45 C) using an activated carbon prepared by
chemical activation of grape seeds. The most relevant characteristics of the adsorption of diuron were
the increase of diuron uptake with temperature and the occurrence of multilayer adsorption at high equi-
librium concentrations. Likewise, the contribution of cooperative adsorption was also found to increase
with temperate, as shown by the change of the isotherm pattern from L-3 type (Giles classiﬁcation) at
15 C to S-3 at 45 C. The formation of multilayer and the contribution of cooperative adsorption were
not observed at the highest pH studied . The results obtained from the computational approach were con-
sistent with the trends shown by the experimental data. The molecular and thermodynamic properties of
the solvent-adsorbate-adsorbent system were estimated using the quantum-chemical COSMO-RS
method. Thus, the increase in diuron uptake at increasing temperature was ascribed to a higher popula-
tion of diuron planar conformers, whose afﬁnity for activated carbon is higher as evaluated in terms of
the activated carbon/water partition coefﬁcient. COSMO-RS simulations predicted strong interaction
among diuron molecules due to the amphoteric character of the molecule. Likewise, the formation of
clusters was found to be especially favored from a thermodynamic point of view in the case of planar con-
formers adsorbed on activated carbon, which supports the occurrence of cooperative adsorption and the
formation of a multilayer.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Activated carbon (AC) is a carbonaceous material that possesses
a highly developed porosity that allows its use in a wide range of
applications a adsorbent, some of the most important dealing with
the environmental ﬁeld and, particularly, with water treatment
[1,2]. Adsorption with AC is commonly oriented toward the
removal of species recognized as toxic pollutants. In this sense,
there is a growing interest in the treatment of supply waterll rights reserved.
: +34 91 49 73 516.
larranz).contaminated by agricultural activities. Herbicides, such as diuron
(3-[3,4-(dichlorophenyl)-1,1dimethylurea]), have been detected in
surface and ground waters and have the potential of reaching lev-
els that exceed the health-based standards. Diuron, a substituted-
urea herbicide, has been widely used since the 1950s to control a
variety of annual and perennial broadleaf and grassy weeds, as well
as mosses. It has been also used on non-crop areas such as roads,
garden paths and railway lines and on many agricultural crops
such as fruit, cotton, sugar cane, alfalfa and wheat [3]. The presence
of diuron in water has to be carefully controlled since it was desig-
nated as persistent organic pollutant in EU legislation [4–7].
Among the techniques proposed for the removal of diuron and
Nomenclature
C0 adsorbate initial concentration (lmol L1)
Ce equilibrium concentration (lmol L1)
Cs adsorbate monolayer saturation concentration
(lmol L1)
E mean free energy (KJ mol1)
CBET BET equation equilibrium constant, Ce
K1 GAB equation equilibrium constant for the ﬁrst layer
(L lmol1)
K2 GAB equation equilibrium constant for the second layer
(L lmol1)
KF Freundlich isotherm constant (lmol(1n) L g1)
KL Langmuir isotherm constant (L lmol1)
q0 maximum monolayer coverage capacity (lmol g1)
qe capacity at equilibrium (lmol g1)
qm maximum adsorption capacity on the ﬁrst layer
(lmol g1)
qs theoretical isotherm saturation capacity (lmol g1)
b Dubinin–Radushkevich isotherm constant (mol2 kJ2)
e Dubinin–Radushkevich isotherm constant
M.A. Bahri et al. / Chemical Engineering Journal 198–199 (2012) 346–354 347other phenylurea herbicides from water are adsorption, biological
methods, advanced oxidation processes and hydrodechlorination
[8]. At the low concentrations commonly found in water bodies
adsorption can be considered as the most cost-effective solution.
Different studies have shown a non common behaviour of diu-
ron in the adsorption from water [9–11]. On one side, Bouras et al.
[9] reported evidences of cooperative adsorption in the removal of
diuron from water by adsorption on pillared clays at pH 6. On the
contrary, the works by Fontecha-Cámara et al. [10,11] on the
adsorption of diuron on AC from water solutions buffered at pH
7 showed L2-type adsorption isotherms, according to the classiﬁ-
cation of Giles et al. [12]. Likewise, these authors reported that diu-
ron uptake increased with temperature, ascribing the
endothermicity observed for the adsorption process to the increase
in the planarity of the molecules and the improvement of diffusion
at higher temperatures. From the results of the works above, the
complexity of the diuron-water-adsorbent system can be inferred,
with multiple interactions that must be taken into account for a
comprehensive explanation, such interactions varying signiﬁcantly
with concentration, temperature and pH.
The aim of this work is to interpret the adsorption behaviour
from a molecular point of view using the quantum-chemical COS-
MO-RS method [13]. Phenomena related to the adsorption of or-
ganic solutes on AC have been shown to depend on the
structural and physico-chemical properties of both adsorbate and
adsorbent, which determine the contribution of polar, Van de
Waals and hydrogen bonding interactions to the adsorption poten-
tial [1]. COSMO-RS has shown general suitability for calculating
thermodynamic properties of ﬂuid mixtures from electronic infor-
mation of individual molecules [13], such as Gibbs free energies
and equilibrium constants of reaction [14], L–L equilibrium data
as solubility [15] and partition coefﬁcients [16], excess enthalpy
[17] and pKa values [18]. In addition, COSMO-RS has been success-
fully applied to predict adsorption equilibrium data from aqueous
solutions [19–22]. Basis on this proved predictability, a computa-
tional approach based on COSMO-RS was here developed to
describe thermodynamic properties, intermolecular interactions
between the components involved, conformational population
and the inﬂuence of the temperature in an approach different from
that of quantum-chemical calculations. The analysis includes bin-
ary (solute-solvent, solute-solute, solute-adsorbent and solute-
adsorbate) and ternary (solvent-solute-adsorbent and solvent-sol-
ute-adsorbate) systems, with the aim of better understanding the
adsorption mechanism of diuron from aqueous solution by AC.2. Materials and methods
2.1. Computational approach
The molecular geometry of all the molecular models studied
(diuron conformer molecules, diuron clusters, water and AC) wereoptimized at B3LYP/6-31++G computational level in the ideal
gas-phase using quantum chemical Gaussian03 package [23].
Vibrational frequency calculations were performed for each case
to conﬁrm the presence of an energy minimum. Then, the standard
procedure was applied for COSMO-RS calculations, which consists
of two steps. Firstly, Gaussian03 was used to compute the COSMO
ﬁles. The ideal screening charges on the molecular surface for each
species were calculated by the continuum solvation COSMO model
using BVP86/TZVP/DGA1 level of theory [24]. Secondly, COSMO
ﬁles were used as an input in COSMOthermX [25] code to calculate
the thermodynamic and thermochemical properties for the binary
(solute–solvent, solute–solute, solute–adsorbate and solute–adsor-
bent) and ternary (solvent–solute–adsorbent and solvent–solute–
adsorbate) systems used to simulate the behavior of the compo-
nents involved in the adsorption phenomena at different tempera-
tures and concentrations. COSMOTherm code makes possible to
introduce solvent effects in thermochemical COSMO-RS calcula-
tions. In this work, vacuum, water and deuterium COSMO compo-
nents were selected as reaction solvents to simulate different
solute environments. According to our chosen quantum method,
the functional and the basis set, we used the parameterization
(BP_TZVP_C21_0108) for COSMO-RS calculations in COSMOtherm
code.2.2. Preparation and characterization of activated carbon
The activated carbons used for adsorption runswere prepared by
chemical activation of grape seeds with phosphoric acid. Grape
seeds were pretreated with 5% (vol) sulfuric acid for 24 h in order
to remove oils and improvewettability. Then, theywere rinsedwith
water until neutrality and absence of sulfate in the liquid phase,
dried overnight at 120 C and stored for further AC preparation.
Chemical activation was carried out using phosphoric acid as acti-
vating agent. A sample of 25 g of the pretreated seeds was impreg-
natedwith 100 mL of 7.7 M phosphoric acid solution at 85 C for 2 h
under stirring (150 rpm). After impregnation the sample was dried
overnight at 120 C. Carbonization of impregnated sample was car-
ried out in a vertical quartz-tube furnace (4.8 cm i.d., 50 cm length)
at 500 C for 2 h under a continuous nitrogen ﬂow of 100 NmL/min.
The activation temperature was reached at 10 C/min heating rate.
Finally, the carbonized sample was washedwith water under reﬂux
for 12 h. Fig. 1a and b shows SEM images samples of AC prepared. In
Fig. 1a, it can be seen that after activation the grape seed maintain
the initial morphology. Fig. 1b shows that most of the adsorbent
material is allocated in a shell with a thickness between 200 and
300 lm. Likewise the material has a homogeneous distribution of
channels and macropores that can provide diffusion paths toward
the inner structure, where most of the surface is located.
The porous structure of AC was characterized from 77 K N2
adsorption–desorption. The N2 isotherms were obtained in a
Quantachrome Autosorb-1 apparatus after outgassing the samples
Fig. 1. SEM images of grape seeds activated with phosphoric acid. (a) whole particle and (b) half cut view.
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348 M.A. Bahri et al. / Chemical Engineering Journal 198–199 (2012) 346–354at 523 K and 103 Torr. The surface area (SBET) was calculated by
the BET equation within the 0.05–0.30 relative pressure range.
The micropore volume and the external or non-microporous sur-
face area (AEXT) were obtained by the tmethod [26]. The difference
between the volume of N2 adsorbed at 0.95 relative pressure (cal-
culated as liquid) and the micropore volume was taken as the mes-
opore volume. Table 1 shows the characteristics of the AC
prepared.
2.3. Diuron adsorption runs
Experimental adsorption equilibrium data were obtained as fol-
lows: different amounts of AC were placed in stoppered ﬂasks to-
gether with aliquots of 65 lmol L1 diuron aqueous solution. The
ﬂasks were placed in a thermostatic bath and shaken (150 rpm)
until equilibrium. Then, the liquid phase was ﬁltered through ﬁber
glass ﬁlters (Albet FV-C) and diuron concentration was measured
by UV spectroscopy (Shimadzu UV-1603) at 254 nm.
Adsorption runs at different temperatures (15–45 C) were car-
ried out without control of pH. Thus, the initial pH value of the diu-
ron solutions was 6.1 and during the adsorption experiments the
pH evolved to equilibrium values between 4.5 and 5. The pH slurry
(1 g/10 mL) of the AC was 3.6. The inﬂuence of pH on adsorption
behavior was studied at 45 C. The pH of the aqueous medium
was maintained at a value of 3 and 7 by addition of HCl and phos-
phate buffer, respectively.
2.4. Nuclear magnetic resonance
1H-NMR spectra were obtained at room temperature with a a
Bruker DRX-500 spectrometer (500 MHz), using TMS as calibration
standard. Deuterium oxide was used as deuterated solvent for all
the measurements. The operating conditions varied were diuron
concentration in deuterium oxide (13, 25 and 38 mg L1) and tem-
perature (15, 25 and 35 C).
3. Results and discussion
3.1. Diuron adsorption isotherms
The data corresponding to the adsorption of diuron onto AC at
different temperatures without pH control are shown in Fig. 2a–c.
As can be seen, they are well deﬁned in the range studied, coveringTable 1
Porous structure of the AC.
SBET (m2 g1) 1139
AEXT (m2 g1) 269
VMICRO (cm3 g1) 0.49
vMESO (cm3 g1) 0.24
0 10 20 30 40 50
0
C e(μm ol g
-1)
Fig. 2. Diuron adsorption isotherms at different temperatures at non-controlled pH.
Symbols: experimental data; lines: models predictions. (a) Whole isotherm, (b) low
concentration region and (c) ﬁrst region.
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cantlywith temperature in thewhole range of concentration tested,
thus the observed effect of temperature on the adsorption capacity
of diuron does not follow the most common trend for adsorption.
This apparent endothermic behaviour has been interpreted in
terms of an increased planarity and diffusivity of the diuron mole-
cules linked to the easier desolvation of diuron molecules in solu-
tion as temperature increases [10,11,27]. In a ﬁrst approach, the
equilibrium isotherms of Fig. 2a can be considered as L-type, more
speciﬁcally L-3 subtype of Giles classiﬁcation [12], indicating
favourable adsorption related to the low water solubility of diuron
and the occurrence of multilayer adsorption. The ever decreasing
slope and the plateau of the ﬁrst part of the isotherm are found in
most cases of adsorption from dilute solutions. This pattern is rep-
resentative of a progressive occupation of the surface available for
adsorption. The saturation shown by the plateau has been inter-
preted as the result of monolayer completion, although it does
not necessarily imply ordering in a close-packed layer of adsorbate.
The layer can also contain solventmolecules and adsorbate clusters,
and the ﬁlling of the sites available on the original surface can coex-
ist in some extent with the formation of multilayer or the ﬁlling of
pores. The solute concentration at which the plateau of the iso-
therm is fully developed decreases as temperature increases, thus
it varies from around 45 lmol L1 to around 30 lmol L1 for the
adsorption at 15 and 45 C, respectively. In a previous paper, Fonte-
cha-Cámara et al. [10] reported L-type isotherms for the adsorption
of diuron on activated carbon ﬁber and cloth at pH 7, whereas Bou-
ras et al. [9] reported S-type isotherms for the adsorption of diuron
on surfactant-modiﬁed pillared clays at pH 6. Thus, the formation of
multilayer seems to be conditioned by the nature of the adsorbent
surface and the effect of pH on the adsorbent-solute and adsorbate-
solute interactions.
The observation of the isotherms within the low concentration
range (Fig. 2b) shows that at 15–35 C they have a continuous con-
cave shape (L-3) whereas at 45 C the shape of the isotherm could
be even considered of S-3 type with an inﬂection at diuron concen-
tration around 2 lmol L1. Such shift at high temperatures would
suggest a higher contribution of cooperative adsorption, promoted
by the interactions between the solute and the adsorbate.
In practice, two alternatives can be taken into account to obtain
information from equilibrium modelling of L-3 and S-3 type iso-
therms. Firstly, a separate analysis of the different portions of the
isotherm based on several successive or simultaneous individual
processes [27]. Secondly, the modelling of the global adsorptionTable 2
Fitting parameters for the ﬁrst region of the isotherm.
T (C) Freundlich Langmuir
KF (lmol1n L g1) 1/n R2 KL (L lmol1) q0 (lmol g1)
15 23.26 0.52 0.986 0.059 220.87
25 26.15 0.63 0.986 0.043 395.86
35 30.61 0.65 0.984 0.046 467.07
45 48.13 0.60 0.972 0.076 485.11
Table 3
Fitting parameters for the whole range of the isotherm.
T (C) BETa
qs (lmol g1) CBET (L/lmol) R2
15 53.41 86.18 0.978
25 40.65 90.95 0.909
35 117.62 32.04 0.964
45 167.20 30.68 0.970
a Cs = 65.7 (lmol L1).isotherm using an equation corresponding to a single unitary pro-
cess [28]. In the ﬁrst region of the isotherm, corresponding to the
development of the plateau, the most common approach is the
use of Freundlich (Eqs. (1) and (2)) Langmuir models, although
the application of Dubinin-Radushkevich model (DR, Eqs. (3)–(5))
has also been described [29].
qe ¼ KFC1=ne ð1Þ
C
qe
¼ 1
KL  q0
þ C
q0
ð2Þ
lnqe ¼ lnqm  b  e2 ð3Þ
e ¼ R  T  ln 1þ 1
Ce
 
ð4Þ
E ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2  B
p ð5Þ
Table 2 summarizes the values of the parameters from data ﬁt-
ting within the ﬁrst region of the isotherms. As it was indicated
above, the total development of the plateau was observed at differ-
ent equilibrium concentrations for isotherms at different tempera-
tures, therefore the equilibrium concentration range studied was
varied. Fig. 2c shows the experimental data and the predictions
of ﬁtted models. According to the reproduction of experimental
data and the regression coefﬁcients obtained, the Langmuir and
DRmodels provide a better description of the ﬁrst region of the iso-
therm. The increase with temperature in the equilibrium constant
and in the monolayer capacity of the Langmuir model is indicative
of more favourable adsorption. Likewise a higher adsorption po-
tential can be inferred from the increase with temperature of b
parameter in DR equation.
Previous works have reported the application of a single iso-
therm model for liquid phase multilayer adsorption [28]. The BET
(Eq. (6)) and GAB (Eq. (7)) are among the most frequently used
[29]. Table 3 shows the results of data ﬁtting to these models,
whereas Fig. 2a shows the reproduction of experimental data by
the ﬁtted models. BET and GAB models do not provide totally sat-
isfactory reproduction of experimental data, mainly because of the
wide plateau region exhibited by the isotherms. In any case, the ﬁt-
ted parameters evidence the increase with temperature in the
monolayer capacity and favoured formation of multilayer.Dubinin–Radushkevich
R2 qm  103 (lmol g1) b  10+3 (mol2 kJ2) E (kJ mol1) R2
0.997 1.7 4.8 10.20 0.988
0.996 5.5 5.5 9.53 0.991
0.990 6.3 5.8 9.28 0.995
0.993 6.8 6.1 9.05 0.981
GAB
qm (lmol g1) K1 K2 R2
68.35 0.49 0.015 0.982
145.44 0.17 0.013 0.986
183.50 0.16 0.012 0.989
252.48 0.18 0.012 0.992
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Fig. 3. Adsorption equilibrium data at different pH values (T = 25 C).
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qs  CBET  ce
ðCs  CeÞ  ð1þ ðCBET  1ÞÞ  CeCs
 h i ð6Þqe ¼
qm  k1  ce
ð1 k2CeÞ  ½1þ ðk1  k2Þ  Ce ð7Þ
As it was indicated above in the experiments where pH was not
controlled, the ﬁnal pH values were 4 and 4.5. In order to study the
inﬂuence of pH in the adsorption behavior of diuron additionalFig. 4. Isolated and aggregated mexperiments were carried out at pH values of 3 and 7. The results
can be seen in Fig. 3. At buffered pH 7 the uptake of diuron is lower
than for non-controlled pH conditions, although diuron retention
also increases with temperature. The most signiﬁcant difference
is the absence of additional uptake after the development of the
plateau of the isotherm, indicating that multilayer formation does
not take place. Besides, the shape of the isotherm can be consid-
ered as S-2 type at both temperatures, in contrast to the shift from
S to L type observed at non-controlled pH conditions, suggesting a
less important role of cooperative adsorption. At a pH value of 3
the isotherms exhibit a L-3 type pattern, where the most signiﬁ-
cant feature is the important uptake increase in the multilayer re-
gion of the isotherm. In spite of the favored multilayer formation at
pH 3, the uptake of diuron during the formation of the monolayer
at 25 C is lower than when the pH is not controlled.
3.2. COSMO-RS analysis
In this section, the non-common behavior observed for the
adsorption of diuron from aqueous solution onto AC has been ana-
lyzed in detail by the quantum-chemical COSMO-RS method [13].
The computational study was started with the description of the
molecular properties of diuron. Quantum chemical calculations
provided four different stable conformations of the diuron mole-
cule in gas phase, being the two possible planar conformations
(IP1 and IP2 structures in Fig. 4) the most stable in energy, in goodolecular structures of diuron.
Table 4
COSMO-RS thermodynamic calculations for the diuron conformational changes and clusters formation.
298 K DG (Kcal mol1) K
Vacuum Water Diuron AC Vacuum Water Diuron AC
Eq. (1) IP1¡ IP2 0.16 0.22 0.23 1.32 1.46 1.50
Eq. (2) IP1¡ IOP1 0.43 1.22 0.56 0.48 8.37 2.56
Eq. (3) IP1¡ IOP2 0.80 1.43 0.50 0.26 11.21 2.39
Eq. (4) 2  IP1¡ IIP1 11.9 5.6 5.9 6.8 6  108 1.3  104 2.0  104 1.0  105
Eq. (5) 2  IP1¡ IIOP1 11.6 7.3 6.4 7.0 3  108 2.3  105 5.0  104 1.3  104
Conformational population (%)
3  IP1¡ IP2 + IOP1 + IOP2
Vacuum Water Net diuron
IP1 + IP2 82 40 52
IOP1 + IOP2 18 60 48
Aggregate population (%)
4  IP1¡ IIP1 + IIOP1
Vacuum Water Net diuron
IIP1 + IIOP1 100 100 100
Fig. 5. COSMO-RS prediction of the temperature dependence of the equilibrium
constant for planar (IP1) to non-planar (IOP1) conformational change of isolated
diuron molecules in water.
M.A. Bahri et al. / Chemical Engineering Journal 198–199 (2012) 346–354 351agreement with previous computational studies [30]. In addition,
current B3LYP/6-31++G results reveal the existence of stable
out-of-plane conformers (IOP1 and IOP2 structures in Fig 4), withFig. 6. 1H-NMR spectrum for diuron in deuterium oan angle of approximately 32 between the amide group and the
benzene ring for the geometry optimization in gas phase. By using
the facilities provided by COSMOtherm software, the conforma-
tional population of diuron solute was theoretically analyzed in
different environments, i.e. gas, net diuron and aqueous media,
which introduce solvent effect corrections into the free energies
of conformational changes (DG) and the equilibrium constants
(K). Table 4 reports the values of DG for the four stable conforma-
tions of diuron molecule, together with the K values for the equilib-
ria in Eqs. (8)-(10), as calculated by COSMO-RS at 298 K. As can be
seen, the environment of diuron has a drastic effect on its esti-
mated conformer distribution. Thus, the COSMO-RS population
analysis (Table 4) shows that the planar forms (IP1 + IP2) are domi-
nant in gas phase, with a relative occurrence of 82% in moles, in
reasonable agreement with previous high level ab initio calcula-
tions [30]. In contrast, COSMO-RS simulations predict that out-
of-plane diuron structures (IOP1 + IOP2) are the most abundant
forms in aqueous solution, with a relative occurrence of 60% in mo-
les (Table 4). The later conclusion is consistent with previous com-
putational results in literature relative to clusters of diuron and
water molecules, which revealed the formation of hydrogen bonds
affecting the geometry of the most stable conformations with the
loss of planarity [30]. Similarly, a signiﬁcant relative populationxide at different temperatures (C = 40 mg L1).
05
10
15
20
25
-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
pX
( σ
 )
σ [e/A2]
H-Bond donor 
Region
H-Bond acceptor 
Region
Non-polar  Region(a)
-160
-140
-120
-100
-80
-60
-40
-20
0
20
-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
μX
(σ
) [
kJ
/m
ol
 A
2 ]
σ [e/A2]
Interaction with
H-Bond donors
Interaction with
H-Bond acceptors 
Interaction with
Non-polar fragments
(b)
Fig. 7. (a) r-Proﬁle and (b) r-Potential for IP1molecular structure of diuron.
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diuron environment (see Table 4), in agreement with experimental
evidences from diuron solid state X-Ray spectroscopy, which
showed a non-planar conformation with the amide group twisted
29.4 from the ring plane [31]. Fontecha-Camara et al. [10] sug-
gested that the increase of adsorption capacity at higher tempera-
tures is due to the weakness of the hydrogen bonds formed among
water and solute molecules. We have used COSMO-RS to predict
the effect of temperature on the IP1 ¡ IOP1 equilibrium (Eqs. (9)
in Table 4). The results depicted in Fig. 5 show an increase of the
population of the less-stable-in-water planar IP1 structures when
temperature increases. Therefore, COSMO-RS analysis supports
the higher presence of planar conformers of solute in aqueous solu-
tion as temperature increases, which can contribute to the higher
diuron uptake thanks to a better accessibility to the AC pores. To
support the presence of different conformers is solution 1H-NMR
spectra were obtained (Fig. 6). The most relevant peak is located
around 7.5 ppm; it corresponds to aromatic hydrogen atoms (H1)
and shows two signals. As temperature increases the relative
intensity of the signals is interchanged, indicating a change in
the dominant population of conformers. Theoretical calculations
of 1H-NMR data (Fig. 5) show that the shift is coherent with an in-
crease in the population of planar conformers, which have a higher
chemical shift due to higher shielding.
One signiﬁcant advantage of the COSMO-RS methodology is
that it provides the 3D molecular surface polarity distributions of
compounds, visualized in the histogram function r-Proﬁle. Basis
on COSMO-RS model, the r-Proﬁle of a given compound includes
the main chemical information necessary to predict its possible
intermolecular interactions in a ﬂuid [21]. Fig. 7a presents the r-
Proﬁle of the IP1 diuron structure, which is dominated by a series
of overlapped peaks in the 0.0082 < r < 0.0082 e/Å2 region, char-
acteristic of non-polar compounds. The non-polar regions of the
surface of the molecule are represented by green colour (aromatic
group), with a tendency to blue-green around the hydrogen atoms
of methyl groups and to yellow-green for the chlorine atoms. Like-
wise, the diuron molecule shows strongly negative polar regions
corresponding to electron lone-pairs of the oxygen atom (peak lo-
cated at +0.016 e/Å2) and strongly positive polar hydrogen atom
around N–H group (peak located at 0.018 e/Å2), which are repre-
sented by respectively deep red and blue color in Fig. 7a. Therefore,
oxygen and N–H groups can be considered as strongly polar and
potentially hydrogen bond acceptors and donors, respectively. In
addition, COSMO-RS methodology provides the r-Potential of a
molecule, which describes the afﬁnity of the compound to interact
with other molecules of charge density [pX(r)] and with polarity r.
As shown in Fig. 7b, the diuron structure will establish strongly
attractive interactions with both acidic and basic groups and, in a
minor extent, with non-polar structures as aromatic rings. There-
fore, COSMO-RS describes diuron as a non-polar aromatic com-
pound with a remarkable amphoteric character. In fact, diuron
presents an extremely low solubility in water, as indicated by both
experimental and COSMO-RS-predicted data (see Table 5), but pKa
and pKb values very close to that of water (see Table 6). Thus, the
possibility of intermolecular hydrogen bonding between both
acidic and basic atomic groups of diuron molecules (as those
net-crystalline interactions evidenced in solid diuron by X-Ray
spectroscopy [31]) may imply the existence of energetically
favored diuron aggregates in water solution. In order to analyze
this hypothesis, molecular aggregates of diuron dimmers referred
as IIP1 and IIOP1 in Fig. 4 were optimized at B3LYP/6-31++G
computational level. Subsequently, the Gibbs free energies and
equilibrium constants for the formation of diuron dimmers (Eqs.
(11) and (12) in Table 4) were calculated by COSMO-RS in different
media (water, net diuron and AC) to introduce the environment ef-
fects in the simulation. As can be seen, the presence of diuronaggregates is thermodynamically favored in all environments the
simulated. Therefore, computational results indicate the need of
considering different conformations and both isolated and aggre-
gated diuron species to analyze the behavior of this compound in
adsorption from aqueous solution.
For this purpose, a detailed thermodynamic analysis of solvent-
solute-adsorbate/adsorbent interactions has been carried out by
COSMO-RS model in order to achieve a deeper insight into the
adsorption of diuron from water by AC. Firstly, computational
Table 5
COSMO-RS thermodynamic calculations for binary and ternary systems.
298 K Solubility in H2O
(mg L1)
PAC/H2O HE diuron-H2O (kcal mol1)
IP1 23 42a 251 0.13
IP2 22 251 0.12
IOP1 45 50 0.06
IOP2 51 25 0.09
IIP1 2  103 6310 0.21
IIOP1 1  103 398 0.12
298 K PII-P1/H2O PII-OP1/H2O
IP1 398 398
IOP1 100 126
a Experimental value.
Fig. 8. 1H-NMR spectrum for diuron in deuterium oxide at different concentrations
(T = 25 C).
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phases (PAC/H2O) for the different molecular structures of diuron
potentially present in water solution was performed, since this
parameter has been demonstrated to increase with the AC afﬁnity
for different solutes [20]. As can be seen in Table 5, higher PAC/H2O
values were obtained for planar (IP1 and IP2) structures than for
out-of-plane (IOP1 and IOP2) conformations. This reveals stronger
interactions between the AC surface and the IP1 and IP2 solute struc-
tures, but also the loss of effective interactions between planar diu-
ron structures and the solvent molecules, as conﬁrmed by the
computed values of excess enthalpy (HE) of binary solute-solvent
mixtures (Table 5). Thus, the higher uptake at high temperature is
not only ascribed to the higher population of planar structures
and their shape, but also by the higher afﬁnity of planar conformers
for the activated carbon. It is remarkable that the experimental sol-
ubility of diuron inwater is within the values calculated by COSMO-
RS for the different possible structures (Table 5).
The dramatic increase of adsorption in the high concentration
range of the isotherm (see Fig. 2a) has been assigned in the litera-
ture to multilayer adsorption [9], where the interactions between
the solute and the adsorbed molecules are of importance to accom-
plish effective adsorption. As indicated before, the previous works
by Fontecha-Cámara et al. [10] did not report the occurrence of
multilayer adsorption of diuron for experiments at pH 7 in buffered
medium. The pH may be a determining factor for the formation of
diuron aggregates and thus leading to cooperative adsorption.
In order to evaluate the role of the diuron aggregates in AC
adsorption, COSMO-RS was applied to calculate the solubility of
IIP1 and IIOP1 diuron structures and their partition coefﬁcients be-
tween AC and water (Table 5). The values of PAC/H2O calculated
for diuron aggregates are signiﬁcantly higher (398–6310) than
those obtained for isolated diuron molecules (25–252). Therefore,
the adsorption of diuron aggregates by AC is clearly favored respect
to completely solvated diuron molecules. To assess the role of
cooperative adsorption basis on solute-adsorbate interactions,
the partition coefﬁcient of diuron IP1 and IOP1 molecules between
diuron aggregates adsorbed on AC and the water phase (PII-P1/H2O
and PII-OP1/H2O) were computed. As can be seen in Table 5, the
resulting values suggest a slightly higher afﬁnity of the solute for
the adsorbate than for the AC surface. Therefore, COSMO-RS results
support the occurrence of cooperative adsorption with formationTable 6
COSMO-RS calculated values of pKa, pKb and pKeq for water and diuron compounds at 298
pKa pKb
H2O¡ OH + H+ 15.5 (15.7)a H2O + H+¡ H3O+
IP1¡ I

P1 + H
+ 16.1 IP1 + H+¡ IH
þ
P1
a Accepted value.of multilayer associated to the presence of diuron aggregates in
aqueous solution and/or in the multilayer. The results in Table 4
indicate that the formation of IIP1 and IIOP1 structures is thermody-
namically favored in water, AC and diuron environments, however
the occurrence is water is not expected as can be seen from the low
solubility predicted. Moreover, the experimental 1H-NMR spectra
of diuron solutions in deuterium oxide do not show changes as diu-
ron concentration increases (Fig. 8). On the other hand, the shift
from L-3 to S-3 type isotherms as the temperature increases from
15 to 45 C (Fig. 2b) may also be interpreted as the result of
stronger solute-adsorbate interactions for planar structures (high-
er PII-P1/H2O values in Table 5).
The inﬂuence of pH on the occurrence of cooperative adsorption
during the adsorption of diuron on AC is of importance. As it was
commented above the runs carried out at pH 7 did not show
evidences of multilayer formation and the isotherms showed a S-
2 type pattern. This behavior have also been reported by Fonte-
cha-Camara et al. [10], although in this case L2-type adsorption
isotherms were observed. In the case of the adsorption runs where
pH was not controlled, both in the current work and other works
[3,4] adsorption isotherms of L-3 or S-3 type were observed. Taking
into account the estimated values of pKa and pKb (Table 4), a pH of
6.6 is predicted for the diuron aqueous solution, in reasonable
agreement with the experimental value (6.1). Therefore, the
equilibrium for the autoprotolysis of diuron (IP1¡ I

P1 + IH
þ
P1) in
water solution buffered at pH 7 is displaced toward the anionic
species, which has lost the amphoteric character, disfavoring theK.
pKeq
1.5 (1.7)a H2O¡ OH + H3O+ 14 (14)a
2.8 IP1¡ IP1 + IHþP1 13.2
354 M.A. Bahri et al. / Chemical Engineering Journal 198–199 (2012) 346–354cooperative adsorption associated to solute-adsorbate interactions.
This can be observed in the absence of multilayer formation and in
the S type pattern of the isotherm. On the contrary, when the pH
was adjusted to a value of 3 the displacement of equilibrium to
neutral diuron species was much higher, favoring the diuron-diu-
ron and diuron-AC interactions, as can be seen from the increase
in uptake, especially in the region of the isotherm corresponding
to the formation of the multilayer.
4. Conclusion
A computational approach based on the quantum chemical
COSMO-RS method was developed to analyze the unusual behavior
observed for adsorption of diuron from aqueous solution onto AC.
The experimental results obtained showed that the increase of
temperature led to a higher uptake of diuron both at monolayer
and at multilayer. The inﬂuence of temperature on the interactions
between solute-adsorbate-adsorbent was also observed in the pat-
tern of the isotherms within the low concentration range, with a
shift from L-3 to S-3 type isotherms as temperature increased.
COSMO-RS results indicate the occurrence of different conformers
and aggregates of the diuron molecule, whose population in solu-
tion mainly depends on temperature and concentration. Based on
COSMO-RS predictions of partition coefﬁcient of the different diu-
ron molecular structures between solvent-adsorbent and solvent-
adsorbate phases, a better understanding was achieved of the unu-
sual effect of temperature on the adsorption capacity of AC as well
as an explanation of the shape of the isotherms.
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